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We present a theoretical and experimental study of the production of very high order photoelectrons
from alkali metal atoms interacting with intense, midinfrared radiation. The strength of this process
shows an unexpectedly strong species dependence. We find that this dependence can be explained via
the difference in the cross section for electron-ion scattering from the different atoms. This allows
us to directly relate the high energy portion of the photoelectron spectrum to specific features of the
electron-ion potential.
PACS numbers: 32.80.Rm, 34.80.Bm

The past decade has seen advances in both the fundamental understanding and the application of strong field
multiphoton physics, in particular, intense field photoionization [1]. This has been facilitated by the increased
resolution with which above threshold ionization (ATI)
photoelectron spectra can be measured using high repetition rate, short pulsed lasers [2]. Recent studies have
emphasized the effects caused by the interaction of an
electron with its own ion core after it has been initially
ionized and accelerated in the intense field [2–5]. The
production of high energy photoelectrons, corresponding
to the absorption of hundreds of photons above the ionization threshold [4,5], is among the most dramatic results
of this interaction. Rather than steadily decreasing as one
would expect if all the energy were gained at the time of
ionization, the photoelectron spectrum exhibits a change
of slope and a plateau before cutting off at a characteristic
energy. Studies on rare gas atoms using intense visible/
near-infrared radiation have found that the strength of this
plateau relative to the total ionization yield depends upon
both the atomic species and the intensity of the driving
field [4,5].
In this Letter we use intense midinfrared (MIR) radiation
to study the equivalent multiphoton process in alkali metal
atoms. These are true one (valence) electron systems and,
as such, enable us to exclude correlation effects in the
formation of the high energy plateau. Unexpectedly, we
find that the species dependence of the onset and strength
of the plateau in these atoms is much more pronounced
than in the rare gases. For example, potassium is found
to exhibit a very strong plateau, whereas sodium shows
almost no high order photoelectron production. We can
explain this strong atomic species dependence in terms of a
small change in the ionic potential, which has a large effect
on the elastic scattering of the electron from the ion core.
This allows us to directly relate the strength of the high
energy portion of the photoelectron spectrum to specific
features of the electron-ion potential.

The intensity and species dependence of the production of high order photoelectrons was initially observed
in the angular distributions of the high energy electrons
produced in xenon and krypton [6]. Fully nonperturbative,
time-dependent calculations using the single active electron (SAE) approximation [2,5,6] reproduce the intensity
scaling of both the angular distributions and the strength
of the plateau. In the high intensity, long wavelength limit
a simple description of high energy photoelectron production can be given in terms of the creation of a wave packet
each half-cycle of the laser field via tunneling [6]. Classically, the cycle averaged kinetic energies (drift energies)
of this wave packet are between 0 and 2Up , where Up
is the intensity and wavelength-dependent ponderomotive
potential; see Ref. [7]. A significant portion of the wave
packet is driven back into the vicinity of the ion core by
the oscillating laser field. The energy of the wave packet
at the time of return to the core is between 0 and 3Up . After scattering from the ion core it can be reaccelerated by
the laser field, gaining additional drift energy. Again the
energies can be estimated classically, and can be as high
as 10Up [5,8–10]. The electronic trajectories which have
the highest kinetic energy at the time of scattering give rise
to the largest drift energies after backward scattering from
the ion core [8–10].
In this Letter we present theoretical and experimental
photoelectron spectra for potassium, rubidium, and sodium
interacting with strong 1.9 ps MIR pulses, covering a range
of intensities up to saturation. The development of long
wavelength lasers, capable of producing intense radiation
at wavelengths between 3 and 4 mm [11], enables the observation of multiphoton processes in a broad class of systems with low ionization potentials 共Ip 兲. The alkali metals,
with binding energies of 4–5 eV, belong to this group. The
only previously studied one electron system with respect to
the generation of a plateau is hydrogen, which was found
to exhibit only a small production of high order photoelectrons [12]. The strong species dependence that we find in
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[11]. A collimated alkali metal atomic beam is produced
by an effusive oven, the temperature of which controls
the atomic density. The interaction chamber consists of a
parabolic mirror time-of-flight electron energy spectrometer with a 2p collection angle. The spectrometer linearity
has been calibrated by studying the ATI spectrum of xenon
using 1.9 ps, 0.8 mm light. The MIR light is focused by an
f兾4 silicon lens at the focus of the electrostatic parabolic
mirror. It is focused to a 40 6 5 mm waist which gives a
maximum intensity of 3 TW兾cm2 .
Figure 1 shows total (angle integrated) ATI spectra in
K and Na using 3.2 mm radiation. The spectra shown in
Fig. 1(a) are calculated at an intensity of 1 TW兾cm2 and
are representative of calculations over a range of laser intensities. The experimental spectra plotted in Fig. 1(b) are
taken at two different intensities above 1 TW兾cm2 (close
to the saturation intensity for each atom), and have been
scaled to agree at threshold, to illustrate the different energy dependence of the two curves. Both experiment and
theory show a large difference between the two atoms in
the high energy part of the spectrum, i.e., above 6 eV or
approximately 25 MIR photons. Whereas the Na distribution shows essentially no change of slope beyond 3Up
(about 3 eV), K exhibits a plateau extending up to the
classical limit of 10Up . Of particular note is the production of electrons at 10Up corresponding to very strong
backscattering. This production of the highest energy
10
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the alkali metals emphasizes the importance of the atomic
structure for the scattering efficiency even when the rescattering takes place in the strong field regime.
The calculation of the ATI spectrum is carried out
by direct numerical integration of the time-dependent
Schrödinger equation for the full laser-atom interaction
within the SAE approximation [13]. To help interpret
these results we also calculate the differential cross
section for electron-ion elastic scattering. To describe
the electron-ion interaction, we use the semiempirical
pseudopotentials given in [14], to which we refer the
reader for additional details. These potentials have three
parts, a short range term Vsr , a polarization term Vpol ,
and a 21兾r potential at long range. Both the Vsr and
the Vpol terms are strongly dependent on the atomic
structure. The short range term represents the shielding
of the nuclear charge by the core electrons, as well as
the orthogonality constraints imposed by the exclusion
principle. The polarization of the ion charge cloud is
accounted for through dipole and quadrupole potentials.
To ensure that the pseudopotential energies match the
experimental energies as closely as possible, we use
short range and polarization terms that are dependent on
the angular momentum channel. The potential is thus
nonlocal. However, the range over which it is nonlocal is
restricted to distances where Vsr and Vpol are nonzero. It
is also possible to construct local, spherically symmetric
pseudopotentials which treat only the lowest angular
momentum channel accurately. We will comment on the
results obtained with these potentials below.
The choice of electromagnetic gauge has a large influence on the numerical effort involved in calculating the
ATI spectrum. Close to the ion core, the E ? r interaction
(length gauge) is preferred, while at large distances use of
the A ? p interaction (velocity gauge) minimizes the number of angular momentum channels needed [15]. The two
gauges are not equivalent when the pseudopotential is nonlocal. We have developed a mixed-gauge approach which
uses the length gauge near the ion core and the velocity
gauge at large distances. We switch gauges in a transition
zone which is outside the region where the pseudopotential is nonlocal. This method allows us to use nonlocal
pseudopotentials, which give a superior description of the
atomic potentials as compared to local pseudopotentials,
while minimizing the numerical effort.
We use a trapezoidal laser pulse with a one cycle
turn-on, a five cycle plateau, and a one cycle turn-off
to simulate a quasiconstant laser intensity. The laser
wavelength is 3.2 mm, corresponding to a photon energy
of 0.39 eV. Ionization of, for instance, K, with an Ip of
4.3 eV, thus requires a minimum of 11 photons.
Tunable MIR light is generated by difference frequency
mixing the synchronized outputs of amplified Ti:sapphire
and Nd:YLF mode-locked lasers. The MIR system produces linearly polarized 1.9 ps, 100 mJ pulses at a 1 kHz
repetition rate over the wavelength range from 3 4 mm
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FIG. 1. ATI spectra for potassium (solid line) and sodium
atoms (dotted line) excited by 3.2 mm radiation. (a) Theoretical results at 1 TW兾cm2 . ( b) Experimental spectra at
1.4共5兲 TW兾cm2 (K) and 1.7共6兲 TW兾cm2 (Na). The experimental curves have been scaled to agree near threshold.
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electrons is much more efficient than that observed in the
rare gases [4].
In the wave packet model this strong species dependence
is explained by elastic scattering of the returning electron
from the different ion cores. Comparison of the K and Na
electron-ion pseudopotentials shows that the biggest difference lies in the d channel potential, which is shown as
an inset in Fig. 2. We plot the sum of the pseudopotential
and the centrifugal term. The hydrogen d potential is included for comparison. The K potential has an attractive
well in the d channel, as opposed to Na which is essentially hydrogenic. The s and the p potentials in the two
atoms are more repulsive than the analogous hydrogen potentials. For ᐉ . 2 the total potential is dominated by the
centrifugal term.
To investigate the role of the d potential in producing high energy electrons, we exchange the K d potential by the H d potential, leaving the s and p potentials
unchanged. This modified pseudopotential reproduces the
total ionization rate and the low energy portion of the ATI
spectrum of the full K atom. In Fig. 2 we show partial ATI
rates for K, Na, and the modified K. The Na spectrum has
been scaled so that the total yield agrees with the modified
K yield. The effect of manipulating the K d potential is
remarkable. The high energy part of the spectrum is reduced by almost 2 orders of magnitude when using the H
d potential, and is now similar to the Na spectrum. By manipulating one specific feature of the electron-ion potential
we can significantly alter the rescattering process.
Our results imply that strong field calculations in the
heavier alkali metal atoms using computationally simpler
spherically symmetric (ᐉ-independent) pseudopotentials
will give an incorrect description of the rescattering
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process. This is because such a potential, if it is to
describe the s and p channels correctly, will always lead
to a d potential, which is too repulsive, and consequently
to an upward shift of all of the d state energies. We have
checked this in K by using the spherical potential of [16],
and find that there is no rescattering, in agreement with
the results in Fig. 2. We have also tested several nonlocal
pseudopotentials which give correct d state energies,
and find that the high energy part of the photoelectron
spectrum agrees with that shown for K in Fig. 1.
Figure 3 illustrates the rescattering process more quantitatively. We show a measure of the relative efficiency of
the scattering process by plotting the ratio of high energy
electrons (defined here as electrons with energies above
6Up ) to the total ionization yield. Results are shown as a
function of laser intensity for Na, K, Rb, and the modified
K atom, where the d potential has been exchanged by the
H d potential. In agreement with Fig. 2, the modified K
atom gives results very similar to Na, whereas both K and
Rb are efficient rescatterers. This figure demonstrates that
the difference in the rescattering efficiency persists at all
intensities.
To understand the behavior of the heavier alkali metals,
we have also calculated the differential cross section for
elastic scattering of an electron wave packet from the ion
core potential. The incoming energy of the wave packet
is given by the strong field, 3Up , and the width is determined by its initial width at tunneling and the spread during
the time of propagation in the continuum [5,8]. We have
calculated the Coulomb and additional short range phase
shifts by numerical integration of the scattering equations
for e2 2 K1 or e2 2 Na1 scattering [5].
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FIG. 2. Partial rates (ionization rate per ATI peak) for K (black
circles), Na (squares), and the modified K atom (white circles),
where the d potential has been substituted with the H d potential.
The intensity is 1 TW兾cm2 . In the inset we show the d potential
for K (short-dashed line), Na (solid line), and H (long-dashed
line).
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FIG. 3. Calculated ratio of electrons with kinetic energies
above 6Up to the total yield is plotted as a function of the
intensity, for K (black circles), Na (squares), Rb (diamonds),
and the modified K (white circles).

Differential cross section (a.u.)

VOLUME 84, NUMBER 13

10

3

10

2

10

1

10

0

10

PHYSICAL REVIEW LETTERS

-1

0.0

1.0

2.0
3.0
Energy (eV)

4.0

5.0

FIG. 4. Elastic differential backscattering cross sections for K
(short-dashed line), Na (solid line), and the modified K (longdashed line). We show the Rutherford scattering cross section
(circles) for comparison.

In Fig. 4 we show the backscattering cross sections
共u 苷 p兲 for K, Na, and the modified K atom. For comparison we also show the H cross section 1兾16E 2 , in a.u.
We assume a returning wave packet width of 30 a.u. [17].
The K cross section is much larger than that of Na and
the modified K, which are both comparable to the Rutherford cross section. Comparing the cross sections at 2.8 eV,
which corresponds to the maximum return energy 3Up at
an intensity of 1 TW兾cm2 , we see that the K cross section
is about 50 times larger than the modified K cross section,
and 200 times larger than the Na cross section, in good
agreement with the relative backscattering efficiencies at
about 10 eV shown in Fig. 2. We note that this effect is
strongest at large scattering angles. These results show that
the difference in the rescattering efficiency originates in the
electronic structure of the atoms through the difference in
the potential scattering cross section. They also validate
the picture of the high energy part of the ATI spectrum as
being due to a two-step process, namely elastic scattering
off the ion core followed by acceleration in the strong field.
However, not all features of above threshold ionization can
be explained within this model. The structures observed
in the angular distributions, for instance, and the intensity
dependent resonances of [6,18] are good examples of this,
since they presumedly depend on multiple scattering off
the ion core and the resulting interference effects.
We have studied the production of high order photoelectrons in alkali metal atoms in strong MIR laser fields.
Since the doubly excited states of the alkali metals have
much higher energies than the observed plateau, it is not
necessary to invoke correlation effects, such as simultaneous excitation of two electrons, to explain this process.
We find a very strong species dependence of the onset and
strength of the plateau in the ATI spectra. We have demon-
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strated that this difference originates in specific features of
the potential experienced by the valence electron in the
presence of the ion core. By modifying the potential in
a single partial wave we can change the elastic scattering
cross section, and therefore the rescattering efficiency, by
2 orders of magnitude. That two potentials leading to the
same initial ionization dynamics can give rise to vastly different high energy photoelectron distributions reflects the
fact that the atomic structure is never negligible since the
scattering takes place at short range.
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